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H istone acetylation is an active process regulated by the actions of two large families of enzymes-histone acetyltransferases (HATs) and histone deacetylases (HDACs), which modulate the chromatin structure by adding and removing acetyl groups from lysine residues in protein, respectively. The balance between the actions of HATs and HDACs functions as a pivotal regulatory mechanism for gene expression and controls numerous developmental processes and disease states. Histones are not the only target for HDACs and HATs. There is a rapidly growing list of nonhistone substrates including transcription factor p53 1 and other proteins. [2] [3] [4] Therefore, protein acetylation regulates not only gene expression, but many cytosolic activities as well.
Studies have shown that the dysregulated acetylation is associated with cancer and inflammatory 5 and cardiovascular diseases. 6 HDAC inhibitors are now approved for the treatment of different types of cancers (reviewed in Refs. 7, 8) . In addition, the administration of nonselective HDAC inhibitors can suppress neuronal loss in central nervous system (CNS) models of ischemic injury and stroke. [9] [10] [11] [12] [13] [14] In the retina, studies from this laboratory have shown that administering a nonselective HDAC inhibitor can suppress TNF-a expression and protect the retina from ischemic injury in rats. 15 However, HDAC activity is necessary for normal retinal development 16 and mediates retinal ganglion cell differentiation. 17 Hence, questions have arisen regarding whether suppression of specific HDAC isoforms offers any therapeutic advantage over nonselective HDAC inhibitors.
Although 18 HDAC isoforms exist, the current study focuses on the role of HDAC2 in the development of ischemic retinal injury. HDAC2 belongs to the class I HDAC family, and has been shown to negatively modulate synaptic plasticity, spine information, and memory. 18 The activation and/or overexpression of HDAC2 has been associated with the loss of memory. 19 More recent studies have demonstrated that selective inhibitors for HDAC2 protect against neural cell death. 20 These findings provide evidence that elevated HDAC2 activity plays an important role in neuronal dysfunction and degeneration. However, the roles of HDAC2 have not been evaluated in the retina. The goal of this study was to investigate the role of HDAC2 in ischemic retinal injury. To accomplish this we utilized a retinal ischemic mouse model and compared the efficacy of genetically suppressing HDAC2 expression to the pharmacological inhibition of total HDAC activity in reducing ischemic retinal injury.
MATERIALS AND METHODS

Animals
Generation of Mutant HDAC2 Mice. The Hdac2 mutant mice were generated by homologous recombination in embryonic stem (ES) cells where exons 2 to 5 of the Hdac2 gene encoding a portion of the histone deacetylase domain were deleted (Fig. 1A) . The Hdac2 targeting vector was derived using long-range PCR to generate the 5 0 and 3 0 arms of homology using 129S5 ES cell DNA as a template. The 2536 bp 5 0 arm was generated using primers Hdac2-3 [5 0 -ATGGATCC TATGACAGAAGTTTGTCGAAAGCTG-3 0 ] and Hdac2-SfiA [5 0 -ATGGCCGCTATGGCCTGAGGCTTCATGGGATGACCCTGG-3 0 ] and cloned using the TOPO (Invitrogen, Grand Island, NY) cloning kit. The 2718 bp 3 0 arm was generated using primers Hdac2-SfiB [5 0 -ATGGCCAGCGAGGCCCCTGCAGAAGTGTGA GAAATAGACC-3 0 ] and Hdac2-6 [5 0 -ATGGTACCAGCAGCATT CAGTGGGTCCACATG-3 0 ] and cloned using the TOPO cloning kit. The 5 0 arm was excised from the holding plasmid using BamH-I and Sfi I. The 3 0 arm was excised from the holding plasmid using Sfi I and Kpn I. The arms were ligated to a Sfi I prepared selection cassette containing a b-galactosidase-neomycin marker and inserted into a BamH-I/Kpn I cut pKO Scrambler vector (Stratagene, Santa Clara, CA) to complete the Hdac2 targeting vector, which results in the deletion of coding exons 2 to 5. The Not I linearized targeting vector was electroporated into 129S5 ES cells (Lex2). G418/FIAU-resistant ES cell clones were isolated, and correctly targeted clones were identified and confirmed by Southern blot analysis using a 297 bp 5 0 external probe (14/15), generated by PCR using primers Hdac2-14 [5 0 -CACCCTAACACCATTACATTG-3 0 ] and Hdac2-15 [5 0 -ACAACACATTCCAAGGACTTG-3 0 ] and a 262 bp 3 0 external probe (12/13), amplified by PCR using primers Hdac2-12 [5 0 -GCATAGGTTGTCTTGGGTAG-3 0 ] and Hdac2-13 [5 0 -TCCTCA GAGCTTCTACATCC-3 0 ]. Southern blot analysis using probe 14/15 detected a 19.0 Kb wild-type band and 11.7 Kb mutant band in BamH-I-digested genomic DNA, while probe 12/13 FIGURE 1. Targeted disruption of the Hdac2 gene locus. (A) Targeting strategy used to disrupt the Hdac2 locus. Homologous recombination (represented by X) between the targeting vector and the Hdac2 gene results in the replacement of exons 2 to 5 with the selection cassette. (B) Southern hybridization indicating proper gene targeting in the embryonic stem cell clones. Clones 1B10 and 1H9 were selected for blastocyst injections; Lex2 represents untransfected embryonic stem cell DNA. (C) Hdac2 genotyping results from Hdac2 þ/þ , Hdac2 þ/À , and Hdac2 À/À mice. DNA extract from mouse tails was amplified with PCR and KAPA2G Fast HotStart Genotyping Mix. The result indicates the deletion of Hdac2 in Hdac2 À/À mice. detected a 7.5 Kb wild-type band and 5.5 Kb mutants in Nde Idigested genomic DNA. Correctly targeted clones ( Fig. 1B ) were used to generate heterozygous mutant mice. Two targeted ES cell clones were identified and microinjected into C57BL/6 (albino) blastocysts to generate chimeric animals, which were bred to C57BL/6 (albino) females, and the resulting heterozygous offspring were interbred to produce homozygous Hdac2-deficient mice. Determination of the genotype of mice at the Hdac2 locus was performed by extracting and screening DNA from tail biopsy samples using quantitative PCR and KAPA2G Fast HotStart Genotyping Mix (KaPa Biosystems, Inc., Woburn, MA) for the Neo cassette (Fig.  1C ). This strategy enabled discrimination of zero, one, or two gene disruptions representing Hdac2 þ/þ , Hdac2 þ/À , and Hdac2 À/À mice, respectively. Age-matched wild-type littermates were used as control. We found that most of the Hdac2-null mice could not survive long enough for most of our experiments. This is consistent with another study reporting that Hdac2-null mice died early after birth due to severe cardiac malformations. 21 Therefore, Hdac2 heterozygous knockout mice were used in the majority of the current studies. Animals were reared under cyclic light (12 hours light/ 12 hours dark) with ambient light intensity. Mice aged 10 to 12 weeks were used for experiments.
Trichostatin A (TSA) Treatment. To compare the effect of selective HDAC2 with general HDAC inhibition, Hdac2 þ/þ mice were treated with the nonselective HDAC inhibitor, TSA.
In these experiments, TSA (2.5 mg/kg) was injected intraperitoneally twice daily on days 0, 1, 2, and 3. Vehicle-treated mice were injected only with dimethyl sulfoxide on the same schedule. Mice were reared under cyclic light (12 hours light/ 12 hours dark) with the ambient light intensity; and at the time of the study, mice were 10 to 12 weeks old. All experiments were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research; and the study protocol was approved by the Animal Care and Use Committee at the Medical University of South Carolina.
Retinal Ischemia
Retinal ischemia was induced using techniques described previously 22 with minor modifications. Mice were anesthetized with 300 mg/kg 1.25% Avertin solution (1.25 g 2,2,2tribromoethanol, 2.5 mL tertiary-amyl alcohol in 100 mL phosphate-buffered saline [PBS]). Proparacaine (5 lL, 0.5%; Akorn, Inc., Buffalo Grove, IL) was applied for cornea analgesia. Body temperature was maintained on a heat pad at 378C during the experiment. The anterior chamber was cannulated with a 33-gauge needle that was connected to a reservoir of sterile PBS, pH 7.4. The container was elevated to raise the intraocular pressure (IOP) to 120 mm Hg for 45 minutes. The IOP was monitored by a transducer connected to a computer. The contralateral eye was left untreated as a control.
Electroretinogram
Mice were dark adapted overnight and were anesthetized using xylazine (20 mg/kg, intraperitoneally) and ketamine (80 mg/ kg, intraperitoneally). Pupils were dilated with phenylephrine hydrochloride (2.5%) and atropine sulfate (1%). Contact lens electrodes were placed on both eyes, accompanied by 2.5% Gonak hypromellose ophthalmic demulcent solution (Akorn, Lake Forest, IL). Full-field electroretinograms (ERGs) were recorded as described previously, 23 
Histology
For morphometric analyses, mouse eyes were enucleated and fixed in freshly made 4% paraformaldehyde in 0.1 M PBS for 2 hours at 48C. After fixation, the tissues were dehydrated and embedded in paraffin. Retinal cross sections (5 lm thick) were then cut and stained with hematoxylin and eosin (Sigma-Aldrich, St. Louis, MO). Retinal sections were photographed and measured approximately 2 to 3 disc diameters from the optic nerve, using an Axioplan II microscope (Carl Zeiss, Inc., München-Hallbergmoos, Germany) and a 320 objective lens. The number of cells in the retinal ganglion cell layer was determined by cell counts over a distance scale of 200 lm.
Immunohistochemistry
Eyes were enucleated and dissected, then fixed in freshly prepared 4% paraformaldehyde for 2 hours on ice. The eyes were washed three times with PBS and transferred into 15% sucrose in PBS and equilibrated for 1 hour on ice, followed by overnight incubation at 48C in 30% sucrose in PBS. Tissues were embedded in optimal cutting temperature (OCT) compound (Tissue Tek; Sakura Finetech, Torrance, CA) and sectioned (12 lm thick) at À268C. The sections were washed with PBS to remove OCT, and blocked with PBS containing 5% normal goat serum, 3% bovine serum albumin, and 0.1% Triton X-100 for 1 hour at room temperature. Acetyl histone-H3 and HDAC2 proteins were visualized by staining with primary polyclonal antibodies (Cell Signaling Technology, Beverly, MA, and Sigma-Aldrich, respectively) at a 1:500 dilution overnight at 48C. The sections were washed three times with PBS for 15 minutes and incubated with Alexa Fluor 488 goat anti-rabbit secondary antibody (Invitrogen) at a 1:500 dilution for 2 hours at room temperature. Nuclei were stained with propidium iodide at 1:1000 (Sigma-Aldrich). Negative control was incubated only with Alexa Fluor 488 goat anti-rabbit secondary antibody and propidium iodide. Sections were imaged by means of a Leica confocal microscope (Leica, Wetzlar, Germany). 
HDAC Activity Assay
The deacetylase activities of class I and class II were measured by assaying enzyme activity using the peptidase, trypsin, and the fluorophore-conjugated synthetic substrate, t-butoxyacetyllysine aminomethoxy-cumarin (Boc-Lys(Ac)-AMC) as previously described. 24 Briefly, lysates were diluted to a concentration of 1.0 lg/lL using standard HDAC buffer (50 mM Tris-Cl pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl 2 , and 0.1 mg/mL bovine serum albumin) and incubated with the conjugated fluorophore acetylated lysine substrate Boc-Lys(Ac)-AMC in 96well nonbinding plates (Greiner Bio-One, Monroe, NC) at room temperature for 2 hours. Baseline fluorescence was measured followed by treatment with the peptidase enzyme trypsin, freeing the fluorogenic 4-methylcoumarin-7-amide (AMC). The amount of fluorogenic AMC generated was then measured using an excitation wavelength of 355 nm and emission wavelength of 460 nm with a standard fluorospectrometer. The substrate for class I in this assay is specific to HDAC1, 2, 3, and 6.
Statistics
For all experiments, data were expressed as mean 6 SE. Data were analyzed using a two-tailed Student's t-test, accepting a significance level of P < 0.05.
RESULTS
Localization and Activity of HDAC2
Cross sections of retina from 3-month-old wild-type mice were probed with polyclonal HDAC2 antibody. We found that HDAC2 was primarily localized in the nuclei in inner nuclear and retinal ganglion cell layers (Fig. 2) . No fluorescence staining was detected in the negative control.
The HDAC activity assays revealed that the total activities for HDAC1, 2, 3, and 6 in Hdac2 þ/À and Hdac2 À/À retinas decreased 21.4 6 2.3% and 35.1 6 2.1% when compared to those of Hdac2 þ/þ wild-type littermates (Fig. 3) . The class II activities in retinas are negligible in all of these mice. To assess the functional consequences of suppressing HDAC2 expression, the level of retinal acetylated histone-H3 was evaluated in retina cross sections. In Hdac2 wild-type retinas, acetylated histone-H3 was detected only in the inner nuclear and ganglion cell layers (Figs. 4A, 4D ). In Hdac2 þ/À mice (Figs. 4B, 4E) , immunolabeling of acetylated histone-H3 increased in the inner nuclear and ganglion cell layers and was also visible in the outer nuclear layer. In Hdac2 À/À mice (Figs. 4C, 4F) , heavy staining was observed in all retinal cell bodies. These results are consistent with the loss of histone deacetylase activity in the Hdac2 þ/À and Hdac2 À/À owing to the targeting strategy used to generate the mutant mice ( Fig. 1A) .
Effect of Reduced HDAC2 Expression on Ischemic Retinal Injury
To investigate the role of HDAC2 in the functional (scotopic ERG) and morphological changes resulting from ischemic retinal injury, we utilized Hdac2 knockout mice. As most of the Hdac2 À/À mice did not survive long enough for the experiments, Hdac2 þ/À mice were used in most experiments. In wildtype (Hdac2 þ/þ ) mice, baseline a-and b-waves were 384.3 6 14.4 and 812.9 6 39.7 lV, respectively. In Hdac2 þ/À mice, baseline a-and b-waves were 402.4 6 13.3 and 867.5 6 27.8 lV, respectively. No significant differences in baseline ERG waveforms were noted between Hdac2 þ/À and Hdac2 þ/þ mice. In wild-type mice 7 days following ischemic injury, ERG a-and b-waves were decreased by 53.3 6 6.3% and 59.8 6 6.9% of the baseline level in the ischemic eyes (Figs. 5A, 5B, 5G; white bars). No significant changes in waveform amplitudes were measured in the contralateral eye of these animals (Figs. 5A-C). In Hdac2 þ/À mice 7 days following ischemic injury, the ERG aand b-waves were reduced by 25.8 6 4.3% and 39.73 6 5.2% of baseline levels, respectively (Figs. 5C, 5D, 5G; black bars). Although ERG waveforms were reduced in Hdac2 þ/À mice, these deficits were significantly less (P < 0.05) than those measured in the wild-type mice. Figure 6 shows the changes in retinal morphology 7 days following unilateral retinal ischemia in wild-type and Hdac2 þ/À mice. In wild-type mice, total retinal thickness in the ipsilateral eye was decreased by 41.5 6 2.4% when compared to the contralateral control eye. Although the photoreceptor layer and the outer nuclear layer exhibited mild thinning following ischemic injury, the majority of the retinal degenerations were found to be due to the loss of cell bodies in the inner nuclear layer and collapse of the inner plexiform layer (Figs. 6B, 6E ). Ischemic injury also resulted in 56.1 6 3.4% of cell loss from the retinal ganglion cell layer in wild-type mice ( Fig. 6F ; gray bar). However, in the Hdac2 þ/À mice, total retinal thickness following ischemic injury was significantly increased when compared to that in ischemic retinas from wild-type mice. In Hdac2 þ/À mice, no difference in the thickness of the photoreceptor and outer nuclear layers was measured, and only a slight reduction in the inner plexiform layer and inner nuclear layer thickness was measured ( Fig. 6F ; red and black bars). Finally, approximately 90% of the cells from the retinal ganglion cell layer remained in Hdac2 þ/À mice at 7 days postischemic injury ( Fig. 6F; black bar) .
Effect of Trichostatin A on Ischemic Retinal Injury
Trichostatin A is a general HDAC inhibitor, and this laboratory has shown that TSA administration can limit ischemic injury in Brown Norway rats. 15 In TSA-treated mice, baseline ERGs were similar to those recorded in Hdac2 þ/À and Hdac2 þ/þ wild-type mice. In control, vehicle-treated mice, both a-and b-wave amplitudes were significantly decreased (48.5 6 6.3% and 58.6 6 5.5% of baseline, respectively) following ischemic injury (Figs. 7A, 7B, 7G) . In TSA-treated mice, the decrease of a-and bwave amplitudes (15.2 6 5.8% and 21.9 6 14.2%) following ischemia was significantly less than that measured in vehicletreated mice (Figs. 7C, 7D, 7G) . In nonischemic eyes, administration of TSA did not produce any significant change in ERG responses (Figs. 7A, 7C ). These data are consistent with the results obtained from rats. 15 
DISCUSSION
Studies have shown that HDACs play important roles in acetylation homeostasis of histones and other proteins and in modulating transcription, cell cycle progression, differentiation, and apoptosis. 1, 25, 26 Imbalances in protein acetylation have become an emerging topic in the pathogenesis of cancer, 27 cardiovascular disease, 6 and neurodegenerative disorders. 28, 29 In humans, 18 HDACs have been identified and are categorized into four classes depending on sequence identity and domain organization. 30 Inhibitors of class I and class II HDACs, now in clinical trial, show activity against several types of cancers (reviewed in Ref. 7) and represent novel therapeutic approaches to treat neurodegenerative and psychiatric disorders (reviewed in Ref. 31) . Although studies in the brain have provided evidence that HDAC inhibitors are neuroprotective, their efficacy in ameliorating retina injuries is not well understood.
Initial studies in the murine retina demonstrated the expression of HDAC1, 3, 4, 5, and 6. 16, 17 The activities of these isoforms are necessary for the development of several retinal neurons (rods, bipolar and ganglion cells) and Müller cells. 16, 17 Subsequent studies provided evidence that HDAC4 plays an essential role in promoting the survival of retinal neurons. 32 Studies have demonstrated that suppressing HDAC activity by TSA can protect the retina from ischemic injury in rats 15 and optic nerve crush. 33 HDAC inhibitors have been shown to suppress microglial activation and TNFa secretion 15, 16 and to upregulate neuroprotective protein, such as heat shock protein. 34 In addition, HDAC inhibitors also limit the cellular response to the inflammatory cytokines by suppressing the activation of nuclear factor kappa-light-chainenhancer of activated B cells and Janus kinase/signal transducer and activator of transcription and the secretion of metalloproteinases. [35] [36] [37] [38] [39] These discoveries have led us and others to conclude that HDACs play important roles in regulating retina development and the survival of retinal neurons following injury.
Although HDACs are ubiquitously expressed in all tissues, HDAC isoforms display distinct cellular locations. HDAC2 belongs to the class I HDAC family. Studies have shown that activation and overexpression of HDAC2 are associated with many cancers, [40] [41] [42] [43] neurodegenerative diseases, and neural toxicity. 18 In amyotrophic lateral sclerosis patients, HDAC2 levels in the motor cortex and spinal cord are elevated. 44 Other studies have shown that HDAC2 negatively regulates synaptic plasticity, spine density, learning, and memory formation. 18 Loss of memory due to the activation and/or overexpression of HDAC2 has been restored by treatment with HDAC inhibitors like sodium valproate, sodium butyrate, and Vorinostat in an animal model of Alzheimer's disease. 19 More recent studies have demonstrated that moderately selective HDAC2 inhibitors can suppress neuronal cell death. 20 These findings support the idea that HDAC2 activity plays an important role in neurodegenerative diseases, and that HDAC2 may be a target for therapies in patients with neurodegenerative disorders.
In this study, we investigated the role of HDAC2 in ischemiainduced retinal degeneration and compared the effects of reducing HDAC2 activity genetically to the pharmacological effects of TSA, a nonselective HDAC inhibitor. As shown in Figure 3 , the immune staining of HDAC2 was observed in the inner nuclear and ganglion cell layers. However, the increase in acetylated histone-H3 in the outer nuclear layer in the heterozygote and null mice indicated that HDAC2 is also expressed in photoreceptor cell bodies, albeit at lower levels. The activity measurements in Hdac2 À/À mice revealed approximately 35% of the total activities for HDAC1, 2, 3, and 6. This suggested that the HDAC2 is a primary isoform in retinas. The fact that HDAC2 is localized primarily in the inner retinal layers, the same region where the majority of ischemic injury occurs ( Fig. 6 ), suggested that selectively modulating the expression or activity of retinal HDAC2 may provide an efficacious therapy for reducing ischemic retinal injury.
To determine if selectively reducing HDAC2 expression can limit ischemic retinal injury, Hdac2 þ/À mice were subjected to a standard ischemic protocol, and compared to wild-type mice or mice treated with the nonselective HDAC inhibitor TSA. Results from this study demonstrated that ischemic retinal injury, as determined by morphometric and ERG analysis, was significantly reduced in Hdac2 þ/À mice when compared with wild-type control mice (Figs. 5, 6 ). To assess if the retinal neuroprotection afforded by reduced HDAC2 expression could be enhanced by more complete suppression of total HDAC activity, wild-type mice were treated with TSA (2.5 mg/kg) prior to and following ischemic injury. In mice receiving TSA, ERG responses revealed significantly larger a-and b-waves 7 days following ischemic injury when compared to mice that received vehicle treatment. While this neuroprotective response was similar to observations in previous studies using systemic administration of nonselective HDAC inhibitors in rats, 15 this improved functional response was slightly but not significantly greater than the neuroprotection afforded by reducing HDAC2 expression in Hdac2 þ/À mice. Whereas these data confirm the results from previous studies that HDAC activity is central to the development of inner retinal degeneration, based on the immunolocalization of HDAC2 and the neuroprotection afforded to Hdac2 þ/À mice, we conclude that the HDAC2 isoform is a vital isoform involved in mediating the degeneration associated with ischemic retinal injury.
In summary, results from this study demonstrate that HDAC2 expression is observed primarily in the inner retinal layers, but represents approximately 35% of the total activities of HDAC1, 2, 3, and 6 in the retina. Our results also provided the first evidence that the selective reduction in HDAC2 can significantly protect the retina from ischemic injury as measured by functional and morphometric analysis. Although multiple HDAC isoforms are expressed in the retina, HDAC2 appears to be the vital isoform involved in ischemic retinal degeneration. Hence, retinal HDAC2 appears to represent an attractive therapeutic target for the treatment of retinal ischemic disorders.
